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System And Method For Optically Labeled Packet Transmission 

Field of the Invention 

The present invention relates generally to optically labeled packet transmission, 
and more specifically to a system and method for transmitting optically labeled packets 
5 to allow for optical-label packet switching. 
Background of the Invention 

Optical packet switching is an attractive technology that enables more effective and 
flexible utilization of the capacity of WDM optical networks by providing sub- 
wavelength granularity. Optical-label switching, as one of the promising packet 

10 switching schemes, offers several key features that are important to future data- 
intensive networks. These features include protocol and format independent 
transparency at the all-optical data plane, simplification in the control plane, and 
interoperability with legacy and emerging networking technologies including GMPLS. 
Such a switching scheme is discussed in D. J. Blumenthal, et al, "All-Optical Label 

15 Swapping Networks and Technologies", Journal of Lightwave Technologies, Vol. 18, 
No. 12, pp. 2058-2075 (2000), which is incorporated herein by reference. 

Optical-label packet transmission schemes have been proposed in which a packet 
payload is carried using amplitude-shift-keying (ASK) modulation and the packet label 
is carried using differential-phase-shift-keying (DPSK) modulation. Such an optical 

20 label generation scheme is discussed in N. Chi et al, "Transmission and Transparent 
Wavelength Conversion of an Optically Labeled Signal Using ASK/DPSK Orthogonal 
Modulation", IEEE Photonics Technology Letters, Vol. 15, pp. 760-762 (2003), which 
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is incorporated herein by reference. Receiver sensitivities with an optical pre-amplifier 
(at BER=10" 9 ) of - -26 dBm and -30 dBm were obtained for a 10-Gb/s ASK payload 
and a 2.5-Gb/s DPSK label, respectively. 

Prior art schemes, such as the one proposed by N. Chi et al., which use DPSK 
5 modulation to carry the low-speed label information and ASK to carry the high-speed 
payload information, have a number of drawbacks. First, since DPSK modulation is 
used to carry low-speed label information, the delay interferometer, needed in DPSK 
demodulation, has a long delay difference between the two arms of the delay 
interferometer, and thus, it is very temperature sensitive and polarization sensitive. 

10 Secondly, any change in the data rate of the label requires a change of the delay 
interferometer (to obtain a matched delay). Thirdly, the removal and insertion of 
packet labels is difficult since the label is phase modulated. To remove a label, Chi et 
al. propose the use of cross-gain modulation, which will change the signal wavelength. 
This is not be desirable for cases where signal wavelength needs to be maintained. To 

15 add a label, expensive phase-sensitive modulation is required. Finally, low-speed 
DPSK requires a high-coherence (low bandwidth) source (CW) laser and is less 
tolerant to nonlinear effects such as cross-phase-modulation (XPM). 
Summary of the Invention 

The present invention provides a system and method for transmitting optically 

20 labeled packets using DPSK/ASK modulation. In a preferred embodiment, a system is 
provided comprising a transmitter including at least two modulators adapted to provide 
DPSK modulation of a payload portion of optically labeled packets and ASK 
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modulation for a label portion of the optically labeled packets. The system may further 
include a receiver containing a balanced detector for detection of the payload portion of 
the optically labeled packets. 

In a preferred embodiment of a method according to the invention, a 
5 communication method for transmission of optically labeled packets is provided 
comprising the step of modulating light from a laser source using DPSK modulation to 
carry payload information and ASK modulation to carry label information. 
Brief Description of the Drawing 

FIG. 1 is a diagram depicting one embodiment of a system according to the 
10 invention; 

FIG. 2 is a plot illustrating a constellation diagram of DPSK payload and ASK 
label symbols; 

FIGS. 3a-b are received electrical DPSK and ASK eye diagrams for optically 
labeled packet transmission in accordance with one embodiment of the invention; 
15 FIG. 4 is a plot showing the measured BER performance of a system according 

to an embodiment of the invention; 

FIGS. 5a-b are scope traces of a periodically switched signal measured after a 
label receiver and at a payload receiver; 

FIG. 6 is a schematic diagram illustrating label removal and insertion in 
20 accordance with embodiments of the invention; 

FIG. 7 is the received DPSK electrical eye diagram with label removal by a 
saturating SOA for optically labeled packet transmission in accordance with one 



Giles 72-24-4-16 4 

embodiment of the invention; and 

FIG. 8 is a schematic diagram illustrating payload/label-preserving wavelength 
conversion of optically labeled packets with DPSK/ASK modulation in accordance 
with an embodiment of the invention. 
5 Detailed Description of the Invention 

In preferred embodiments of the present invention, a system and method are 
provided which use a DPSK/ASK modulation format to carry payload/label 
information, and which use balanced detection for the DPSK payload portion of a 
DPSK/ASK signal. The present invention offers a number of advantages over prior art 

10 schemes. First, DPSK is used to carry a high-speed payload, so the temperature 
stability of a delay-line interferometer (used in DPSK demodulation) is significantly 
improved, and its polarization sensitivity is significantly reduced, due to the reduced 
relative delay between the two arms of the interferometer. Second, the data rate of the 
label can be adjusted (e.g., from 2.5-Gb/s to 155-Mb/s) without changing the 

15 interferometer. Third, the use of a balanced receiver can not only improve the 
tolerance of a DPSK receiver to packet power fluctuations, but can also substantially 
increase the DPSK receiver sensitivity (e.g., by about 3 dB) as well as the ASK 
receiver sensitivity (by allowing a higher extinction ratio for ASK modulation). 
Fourth, the removal and insertion of a label is substantially easier since it is intensity 

20 modulated (as opposed to phase modulated). 

One embodiment of a system 100 according to the invention is illustrated in 
FIG. 1. The system 100 preferably includes a DPSK/ASK transmitter 110, and a 
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DPSK/ASK receiver 150. In operation, the light from a laser 1 12 is DPSK modulated 
using pay load data signal 1 13 to drive a phase modulator 1 14. Preferably the payload 
data signal 1 1 3 is a high speed signal having a data rate of greater than about 2.5Gb/s. 
The phase modulator 1 14 may be a single-waveguide phase modulator, a Mach 

5 Zehnder (MZM), or the like. The MZM can be made from a variety of electro-optic 
materials, for example, LiNb0 3 , and is preferably biased at its null point and driven at 
~2V n to switch the phase of the light signal between 0 and n. A chirp-free MZM is 
preferably employed to produce a DPSK signal with substantially perfect phase values 
(0 and n). Preferably, an encoder 1 15 is used to perform DPSK encoding prior to phase 

10 modulation. 

An intensity modulator 120 is coupled to the phase modulator 114 to provide 

i 

ASK modulation of the light from the laser 112. The intensity modulator 120 is 
preferably driven by an ASK label data signal 125. The ASK label data signal is 
preferably a low speed signal having a data rate of less than about 1/4 of the payload 

15 data rate. Preferably, the intensity modulator 120 is driven to produce a low extinction 
ratio (ER) of between about 2 dB and about 8 dB. The intensity modulator 120 can be 
a MZM, an electro-absorption modulator (EAM), or the like. For a MZM, a low ER 
can be achieved by under-driving the MZM and shifting the bias point away from the 
quadrature point. For modulation with an EAM, a low ER can be achieved by shifting 

20 the bias point. 

I can be understood by those skilled in the art that the order of the DPSK 
payload modulation and the ASK label modulation of the laser light may be reversed 
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while still providing the optically labeled packets according to the invention. 

The receiver 150 preferably includes an erbium-doped fiber amplifier 160 
(EDFA) as an optical pre-amplifier. An optical filter 161 is preferably provided after 
the amplifier 160 to reduce the penalty from amplified-spontaneous-emission (ASE) 
5 noise. The amplified signal is then preferably separated into two paths 165 5 166. One 
path 165 transmits the received signal to a DPSK receiver 190. The DPSK receiver 
190 preferably comprises a one-bit delay interferometer 192, a balanced detector 194, 
and a differential RF amplifier 196 for detection of the DPSK payload (i.e., the DPSK 
modulated portion or component of the optically labeled packet). The other path 166 

10 transmits the received signal to an ASK detector 198 for detection of the packet label 
(i.e., the ASK modulated portion or component of the optically labeled packet). 

The optical delay interferometer 192 of the DPSK receiver 190 divides the light 
on path 165 into two arms and delays one arm by about one-bit period. It can be 
understood by those skilled in the art that the delay provided by the delay 

15 interferometer 192 can vary from precisely one-bit period while still providing 
sufficient delay to allow reception of the payload portion of received packets. 
Preferably, the delay provided by the delay interferometer 192 is between about 0.8 and 
about 1.2 times the bit period. 

In another preferred embodiment of a system according to the invention, a label 

20 processing device (not shown) is provided to provide label reading, label insertion, 
and/or label removal. FIG. 6 illustrates label removal and insertion according to 
preferred embodiments of the invention. 
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In a device that provides label removal a chirp-free saturating amplifier 610 
with a speed similar to (or faster than) the label data rate is preferably used. Such an 
amplifier may be a relatively simple and compact semiconductor optical amplifier 
(SOA), a fiber Raman amplifier, or the like. Fig. 7 shows a DPSK eye diagram with 
5 the ASK label removed using a saturating SOA. 

For label insertion a low-speed intensity modulator 620 (e.g., a MZM or an 
EAM) may be used. The intensity modulator is preferably polarization-independent 
since the polarization of the signal is varying with time and location. As compared to 
prior art ASK/DPSK schemes where packet label data is phase-modulated, the label 
10 removal and insertion in accordance with the present invention are substantially 
simplified. 

For wavelength conversion, as is typically required in core routers, phase- 
maintaining 4-wave-mixing (FWM) processes may be employed in accordance with the 
present invention. The FWM processes can be realized, for example, in a highly- 

15 nonlinear fiber or a fast SOA. FIG. 8 illustrates wavelength conversion of DPSK/ASK 
packets in accordance with a preferred embodiment of the invention. Both the 
amplitude and phase of the optical packets are preferably preserved. As shown in Fig. 
8, optically-labeled DPSK/ASK packets at wavelngth XI are passed through the FWM 
medium together with pump light at wavelength X0. New packets at wavelength X2 

20 with X2~2M)-A,1 are generated (through the FWM process), and carry the same pay load 
and label information as the original packets. 
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FIG. 2 is a plot illustrating the constellation diagram of the payload and label 
symbols in a phasor diagram. In the diagram, the x-axis represents the real part of the 
optical field, and the y-axis represents the imaginary part of the optical field. The 
DPSK payload data 113 may be recovered at the receiver 150 by setting the decision 
5 threshold at the y-axis to compare the signs (or the phases) of adjacent bits. Such 
recovery of the DPSK payload data can be realized by using a delay interferometer 192 
and a balanced detector 194, as discussed above and setting the decision threshold at 0. 
For example, if two adjacent bits have the same (or opposite) sign, then "1" (or "-1") is 
determined. The ASK label data can be retrieved by setting the decision threshold at 
10 the circle 210 with a radius that is the mean of the larger and smaller amplitude of the 
symbols. 

An embodiment of the invention has been demonstrated experimentally with a 
10-Gb/s payload signal and 2.5-Gb/s label signal. The laser used was a tunable laser 
operating at 1550 nm. The payload data at 10-Gb/s was added onto the laser light by 

15 modulating a MZM which was biased at null and driven at 2V n to achieve phase 
modulation. An intensity modulator was used to insert label information at 2.5-Gb/s on 
the DPSK signal from the MZM by ASK modulation with 6-dB ER. The ER of the 
intensity modulation was set to allow approximately equal receiver sensitivity for the 
payload and label with the label data rate of l A of the payload data rate. The low ER 

20 was achieved by under-driving MZM at about 0.8V* and shifting the bias point away 
from the quadrature point by about 0.1 V*. 
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To simplify the DPSK/ASK transmitter an integrated 2-stage X-cut (chirp-free) 
modulator with 10-GHz bandwidth and 5.5-dB total insertion loss was used. At the 
receiver, an EDFA with approximately 4.5 dB NF was used as an optical pre-amplifier. 
The optical filter after the pre-amplifier had a 3-dB bandwidth of about 100-GHz. The 
5 amplified signal was separated into two paths, one entering a DPSK receiver 
comprising a 100-ps delay interferometer, a balanced detector, and a differential RF 
amplifier for payload detection, and the other entering an ASK detector for label 
detection. 

FIGS. 3a-b show eye diagrams detected at the DPSK receiver and ASK receiver 
10 (with a L5-GHz Bessel filter) with a continuous DPSK/ASK data stream. For 
detection of the DPSK payload portion of a received signal with a balanced detector, an 
optimum decision level was about 0. For ASK label detection, the "0" level is about X A 
of "1" level since the ER of the ASK modulator is about 6 dB. For improved receiver 
sensitivity, the 1.5-GHz Bessel filter was used to reduce the intensity fluctuations at the 
15 phase transitions in DPSK data and to limit electrical noise. 

FIGS. 4a-b are plots obtained from the experimental demonstration, which 
show the dependence of BER on the received optical power (before the pre-amplifier). 
The patterns used in the experimental demonstration were 2 7 -l PRBS for the DPSK 
payload data and 2 9 -l PRBS for the ASK label data. A receiver sensitivity of better 
20 than -32 dBm was achieved for both payload and the label. It was determined that the 
DPSK performance degrades much slower than the ASK performance as power 
decreases, due to the fixed decision level for DPSK with balanced detection. It is 
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understood that the label bit rate can be lowered (e.g., to about 155 Mb/s) if desired, 
and the overall receiver sensitivity can then be further improved. 

Further experimentation was performed to emulate a system having a switched 
labeled signal. A packet envelope generator 130 and an EAM 131 were used for 

5 switching on and off the DPSK/ASK signal from the transmitter 100 to form optical 
packets. It can be understood by those skilled in the art that the packet envelope 
generator 130 and the EAM 131 are not necessary to generate optically labeled packets 
according to the invention. The transmitter 110 can be adapted to generate packets at 
the transmitter 110 by, for example, turning off the payload and label signals driving 

10 the modulators 1 14, 120 and changing the bias voltage of the intensity modulator 120. 
FIGS. 5a-b show scope traces of transmitted packets measured after the ASK receiver 
and DPSK receiver. 

To assess the dispersion tolerance, a 25-km SSMF (D=17ps/km/nm) was 
inserted between the transmitter and the receiver, and a power penalty of less than 
15 about 1 dB was found for the 10-Gb/s payload, and no penalty for the 2.5-Gb/s label. 
The experimental demonstration is described in detail in a paper submitted to 
ECOC'03 by X. Liu et al., entitled "Optical-Label Switching Based On DPSK/ASK 
Modulation Format With Balanced Detection For DPSK Payload", which is 
incorporated herein by reference. 
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Although the present invention has been described in accordance with the 
embodiments shown, one skilled in the art will readily recognize that there could be 
variations to the embodiments, and that those variations would be within the spirit and 
5 scope of the present invention as defined by the appended claims. 



